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A study was conducted to develop a method to scale the effect of ice accretion on a full-scale business jet wing
model to a 1/12-scale model at greatly reduced Reynolds number. Full-scale, 5/12-scale, and 1/12-scale models of
identical airfoil section were used in this study. Three types of ice accretion were studied: 22.5-minute ice
protection system failure shape, 2-minute initial ice roughness, and a runback shape that forms downstream of a
thermal anti-ice system. The results showed that the 22.5-minute failure shape could be scaled from full-scale to
1/12-scale through simple geometric scaling. The 2-minute roughness shape could be scaled by choosing an
appropriate grit size. The runback ice shape exhibited greater Reynolds number effects and could not be scaled by
simple geometric scaling of the ice shape.

Nomenclature

C. Lift coefficient

CLmax Maximum lift coefficient
Cn Pitching moment coefficient
LWC Liquid water content

MVD Median volumetric diameter
OAT Outside air temperature

q Freestream dynamic pressure
Re Reynolds number

\ Airspeed

a Angle of attack

D Measurement uncertainty

I.  Introduction

An effort is currently underway by NASA, Cessna, and Bihrle Applied Research to develop icing-effects flight
simulation models for a typical business jet aircraft. These flight simulation models will be utilized in two ways: 1)
The icing flight simulation will be examined as a potential new tool for systems safety to refine hazard classification
for ice protection system failure cases, and 2) the icing flight simulation will be implemented into a flight training
device for pilot training. A previous effort resulted in the development of an icing flight simulation demonstrator for
a turbo-prop commuter class aircraft.*?

The flight model used in the flight simulator will come from testing a 1/12-scale complete aircraft model in a
rotary-balance wind tunnel. Because of the significant reduction in both the geometry and the Reynolds number, the
scaling relationship between the full-scale aircraft and the subscale model needed to be known.
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Previous experimental and computational results with subscale airfoils®**® have shown that iced-airfoil
aerodynamics is relatively insensitive to Reynolds number effects. Because of this, simple geometric scaling of the
ice shapes has provided very good results for subscale geometry and Reynolds number tests. However, there are
several factors unique to this effort that may not allow the practice of simply geometrically scaling the ice shapes.

Wind tunnel size constraints dictated a 1/12-scale model for the complete airplane test. The rotation rate and
oscillation frequency capabilities of the dynamic test rig determined the wind tunnel velocity that would provide the
desired range of non-dimensionalized rates. These geometric and wind velocity constraints resulted in a Reynolds
number of approximately 5 percent of that of the full-scale airplane. There is little study in the literature in which
the airfoil geometry and Reynolds number have been scaled to this degree. It was expected that the subscale clean-
aircraft lift coefficient could be lower than that of the full-scale iced aircraft. Another factor was the desire to test a
runback ice shape that forms well downstream of the leading edge. Reynolds number insensitivity of leading edge
ice shapes has been established through numerous studies. However, the effect of Reynolds number on ice shapes
that form far downstream of the leading edge is not as well understood. Finally, a two-minute ice shape (primarily
surface roughness with little built up height) needed to be modeled as well. There have been numerous studies that
showed that surface roughness can be Reynolds number sensitive.®”

In order to address these concerns, a scaling test with a semi-span wing of the aircraft to be modeled was
conducted. Simulated ice shapes were tested on full-scale and sub-scale wing models in order to understand the
issues involved in scaling of this magnitude. The results from these tests were used to determine the simulated ice
shapes to be used for the sub-scale complete-aircraft static and dynamic (rotary and oscillatory) tests and to
understand how to apply the data to a full-scale aircraft model.

Il. Experimental Methodology

Three wing models were used in this investigation: full-scale, 5/12-scale, and 1/12-scale. The models
represented approximately 2/3 outer semi-span of the aircraft to be modeled. The full scale model was used to
simulate the actual aircraft. The 1/12-scale model was used to simulate the subscale complete-aircraft model that
was tested in the rotary-balance wind tunnel. The 5/12-scale model was used to bridge the large geometric and
Reynolds number gap between the full and 1/12-scale models.

The full scale and 5/12 scale models were tested in the Langley Full Scale Tunnel (LFST) in Hampton, VA. ltis
a quasi-closed return tunnel with open-walled 30x60 ft test section. It was capable of dynamics pressures of up to
15 psf. The 1/12 scale model was tested in the University of Illinois Subsonic Wind Tunnel. It was an open return
tunnel with a 3x4 ft test section and was capable of dynamic pressure of 50 psf.

All three models were constructed with a moveable aileron. The full-scale model was of all-aluminum
construction representative of an actual aircraft. It was instrumented with pressure belts at three spanwise locations
(with 30 ports each). The 5/12-scale model was of fiberglass and plywood construction. The 1/12-scale model
consisted of foam surrounding aluminum spars with a fiberglass skin. The 5/12-scale and 1/12-scale models were
instrumented with surface pressure taps. The 5/12-scale model had pressure taps at three spanwise locations at the
same locations (when nondimensionalized) as the full-scale model. The 1/12-scale model had taps at only
1 spanwise location (with 19 taps) due to space constraints. All three models were instrumented with tufts. The
model lift and pitching moment were measured using floor-mounted force balances. The surface pressure and tuft
measurements were used for flow diagnostics (particularly separation and stall mechanism). Wall correction was
not applied to the data because LFST had an open test section and the test section of the Illinois tunnel was
sufficiently larger than the model.

Figure 1(a) shows the full-scale and 5/12-scale models in the test section of LFST. It is important to note that
the two models were not tested simultaneously. The 5/12-scale model is in test position and the full-scale model is
placed next to it just for demonstration purposes. Figure 1(b) shows the 1/12-scale model in the test section of the
Illinois wind tunnel.

As stated previously, the objective of this test was to study both the geometric and Reynolds number scaling
issues associated with testing a 1/12-scale complete aircraft model at a greatly reduced Reynolds number. The 5/12-
scale model was chosen to bridge the large gap between the full scale and 1/12-scale models. Table 1 shows the
Reynolds numbers tested with each model. The cases were chosen to eliminate the gap in Reynolds number
between the full scale and 5/12-scale models (and between the 5/12-scale and 1/12-scale models).
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TABLE 1.—REYNOLDS NUMBER TESTED WITH THE THREE MODELS

Scale g (psf) Re (Million) Comments

Full 15 4.2 Max Re for full scale model in LFST
Full 2.6 1.7 Match max 5/12-scale model Re
5/12 15 1.7 Max Re for 5/12-scale model in LFST
5/12 7 1.2 Intermediate 5/12 scale case
5/12 2 0.62 Match max 1/12-scale model Re
1/12 50 0.62 Max Re for 1/12-scale model
1/12 18 0.38 Intermediate 1/12 scale case
1/12 3 0.15 Match max Re for spin tunnel model

Table 2 shows the accuracy of the lift and pitching moment coefficients. Only the force balance uncertainties
were considered in these values. This was done in order to gauge the appropriateness of using a single force balance
for wide range of freestream dynamic pressures. It shows that the balance provided very good accuracy for all cases
except for the lowest dynamic pressures of the 5/12-scale and 1/12-scale models. However, even at these low
dynamic pressures, there was enough resolution in the force balance to obtain useful results.

TABLE 2—FORCE BALANCE ACCURACY FOR CASES TESTED.

Model  Re (x10° AL (Ib) AM (ft-lo) AC, AC,,
Full Scale 42 3.99 3125 00027  0.0004
Full Scale 1.7 3.99 3125 00155  0.0022
5/12 Scale 1.7 1.05 1.35 0.0041  0.0022
5/12 Scale 1.2 1.05 1.35 0.0087  0.0048
5/12 Scale  0.62 1.05 1.35 0.0306  0.0168
112 Scale  0.62 0.072 0012 00021  0.0007
1/12 Scale  0.38 0.072 0012 00058  0.0021
1/12Scale  0.15 0.072 0012 00350  0.0124

Three ice shapes were chosen for this study: a 22.5-minute ice-protection failure case, 2-minute initial (pre-
activation) ice accretion (resembling roughness), and a runback ice shape resulting from the leading-edge thermal
anti-ice system. The failure and roughness shapes were obtained using LEWICE 2.0 using the conditions shown in
Table 3. The runback shape was typical of those found on this class of airplane during natural and tanker icing
encounters.

TABLE 3.—ICING CONDITIONS FOR THE LEWICE ICE SHAPES.

Ice Shape Aircraft o V (KCAS) LWC (g/mg) MVD (um) OAT (F)
22.5-min. failure 3.08 deg 160 0.6 15 14
2 min. roughness 3.08 deg 160 0.3 15 -4

The full-scale failure shape was constructed using a laser-sintering process. The full-scale 2-minute roughness
was simulated using 40-grit sandpaper since it did not have any significant thickness. The full-scale runback shapes
were constructed of insulation foam that was cut with a hotwire. The failure and runback shapes had 40-grit
(nominal) roughness applied on them to simulate the ice roughness. The ice shapes were constructed in 1 to 2 feet
spanwise sections because it could not be built as a single piece. Figure 2 shows the full-scale ice shapes. The ice
shapes were attached to the model using double sided tape. The failure shapes were reinforced with speed tape. The
gaps between the spanwise sections were filled with putty.

The 5/12-scale failure and upper surface runback shapes were constructed of laser-sintering process. The 5/12-
scale lower-surface runback shape was constructed of foam that was cut with hotwire. These shapes had 80-grit
roughness applied to them. The 5/12-scale 2-minute shape was simulated with both 80 and 120-grit sandpaper. The
upper surface runback shape was also simulated using equivalent balsa strips of various heights at the maximum
height location of the runback shape (as shown in Fig. 3).

The 1/12-scale failure shape was also constructed using the laser-sintering process, with 220-grit roughness
applied to it. The 2-minute roughness accretion was simulated using various roughness grit applied to double-sided
tape. The upper surface runback shape was simulated using simple geometric shapes (such as balsa square and
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piano wire) of various size at different locations. The lower surface runback shape was simulated with a 3/16 in.
balsa strip at the same location as the full and 5/12-scale models. An example of an equivalent 1/12-scale runback
shape is shown in Figure 4.

I11.  Results and Discussion
The results from the scaling experiments are discussed in this section. The absolute values of C.,C,,, and angle
of attack are not shown because the data were considered proprietary. However, the relative scales are shown in
each plot, and all the figures in this paper are plotted to the same scale.

A. Clean Model

Figure 5(a) shows the clean-model lift curves of the full-scale and 5/12-scale models at various Reynolds
numbers. The data shows significant reduction in maximum lift with decreasing Reynolds number. At
Re = 1.7 million, the full-scale model had a C s 0.05 higher than the 5/12-scale model. The stall also occurred at a
higher angle of attack. Ideally, both models should have had identical lift curves at matched Reynolds numbers.
The observed differences may have been due to some physical differences between the full-scale and 5/12-scale
models, such as surface quality (especially near the leading edge), aileron geometry, etc. Another anomaly of note
was the 5/12-scale model at Re = 0.62 million. In the linear region, its lift was measurably lower than at Re = 1.7
and 1.2 million. This was a shift in C_ of approximately 0.03, which can be explained by the force balance
limitations at this Reynolds number (as shown in Table 2).

Figure 5(b) shows the clean-model lift curves of the 5/12-scale and 1/12-scale models. All of the cases show
good agreement in the linear range, except the 5/12-scale case at Re = 0.62 million, which showed lower lift
coefficients, even in the linear region. Again, this may have been due to the resolution of the force balance at this
speed, and not actually something that was present in the flowfield.

Figure 6 shows the clean pitching moment coefficients for the three models tested. The figures generally
showed earlier breaks in the pitching moment coefficient due to stall as the Reynolds number is decreased. This was
consistent with what was observed with the lift curve. The pitching moment of the 5/12-scale, Re = 0.62 million
case did not differ significantly from the Re = 1.7 and 1.2 million cases in the pre-stall region. As shown in
Figure 5(a), this was not the case with the lift curve, further evidence that the offset was a measurement error and
not a feature present in the flowfield. An interesting observation is the “dip” in the pitching moment well before
stall that appears at Re = 0.38 million on the 1/12-scale model. This became more pronounced at Re = 0.15 million.
The cause of the dip was not clear, but one explanation is a trailing edge separation due to low Reynolds number.

B. Failed Ice Protection System Shape

Figure 7 shows the lift curves for the failed ice-protection system shape. The results show nearly identical lift
curves between Reynolds number of 4.2 million and 0.38 million (a factor of 10 decrease in Re). The stall for the
5/12-scale model was slightly more gradual than the full-scale and 1/12-scale models. However, the maximum lift
coefficient values in this range were nearly identical. There was a slight change in the lift curve at Re = 0.15 million,
with a reduction in C, . 0f 0.02. The lift curve slope in the linear range was reduced slightly as well. It was not
known if this change was real (due to limitations of scaling geometry and Re to this level) or due to measurement
uncertainties.

Figure 8 shows the pitching moment coefficients for the failure shape. It shows that the break in the pitching
moment coefficient for the full-scale and the 1/12-scale models occurred at the same angle of attack and did not vary
with Reynolds number. The 5/12-scale model stalled 1 deg earlier than the other models, but also did not vary with
Reynolds number. The insensitivity of the pitching moment coefficient with the Reynolds number was consistent
with the lift curves shown in Figure 7.

C. Ice Protection System Pre-Activation Roughness

Slightly more variations were observed when the pre-activation roughness simulations were tested. Figure 9
shows the lift curves for the pre-activation roughness. Figure 9(a) shows that on the full-scale model, when the
Reynolds number was decreased from 4.2 million to 1.7 million, the C na decreased by 0.02. The stall angle of
attack, however, was not affected. The decrease in Cna Was much smaller than it was for the clean model, which
showed a 0.10 decrease. On the 5/12-scale model, both 80-grit and 120-grit roughness were tested. Of these two,
the 80-grit sandpaper provided a better comparison to the full-scale model. Figure 9(a) shows the lift curves of the
5/12-scale model with 80-grit sandpaper. There was very little change in the lift curve as the Reynolds number was
decreased from 1.7 million to 0.62 million. The maximum lift coefficient value was also very close to that observed
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for the full scale model at Re = 1.7 million. On the 1/12 scale model, roughness heights ranging from bare double-
sided tape to 40-grit were studied. Figure 9(c) shows that the 220-grit provided a good simulation. Again, the lift
curves did not vary significantly with Reynolds number, with the maximum lift coefficient values remaining nearly
constant. The relatively constant maximum lift coefficient values were consistent with both the full-scale and 5/12-
scale models. These results showed that an aircraft wing with roughness (of the size tested in this study) is relatively
insensitive to Reynolds number effects.

Figure 10 shows the pitching moment coefficient values with the pre-activation roughness. The results generally
confirm the results shown in the lift curves. The break in the pitching moment did not vary with Reynolds number,
indicating that changes in the Reynolds number did not significantly alter the angle of attack at which the model
stalled.

The Reynolds number insensitivity is clearly shown in the summary of the C_ . with varying model size,
roughness heights, and Reynolds number (Fig. 11). By using 40-grit sandpaper for the full-scale model, 80-grit
sandpaper for the 5/12-scale model, and 220-grit aluminum carbide on the 1/12-scale model, a relatively constant
Ci max Was maintained as the Reynolds number was varied from 0.15 million to 4.1 million. On the clean model, the
Cy max Varied by 0.20 over this range.

The results from the full-scale and 5/12-scale model suggests that geometrically scaling the grit height is the
appropriate method for model-size scaling since 40-grit is approximately twice the height of the 80-grit. However,
220-grit should have been too large for the 1/12-scale model with this method. It is possible that geometric scaling
of the roughness grit is only valid when the grits are much taller than the local boundary layer thickness (which may
not have been the case for the 1/12-scale model). Also, the roughness grits used on the 1/12-scale model had much
lower density than the sandpaper used on the full-scale and 5/12-scale models.

Figure 11 shows that increasing the roughness height resulted in decreased C_nax and this effect was much
larger than that of the Reynolds number effects. On the 1/12-scale model, quadrupling the grit size from 220-grit to
40-grit resulted in a C_na decrease of 0.10. However, quadrupling the Reynolds number from 0.15 million to
0.62 million (with 220-grit roughness grit) resulted in a change of C_na Of less than 0.03.

D. Runback Ice Shape

Figure 12 shows the lift curves with the runback shapes attached to the models. The results showed that simple
geometric scaling of the runback shape did not work. Figure 12(a) shows the lift curves for the full-scale model. It
shows that as the Reynolds number was decreased from 4.2 million to 1.7 million, the C, .« decreased by 0.02 and
the stall angle of attack decreased by 2 degrees. Again, this was smaller than that of the clean case. Figure 12(a)
also shows the 5/12-scale model with the geometrically scaled runback shape. It also shows a slight change in the
lift curve with change in the Reynolds number. However, the maximum lift coefficient values from the 5/12-scale
runback case were substantially lower than that of the full-scale case (by approximately 0.06 at matched
Re = 1.7 million). In order to increase the maximum lift coefficient values, smaller runback shapes were tested on
the 5/12-scale model. One way to accomplish this was to use simple geometric equivalent shape instead of the
geometrically scaled runback shape on the upper surface. The lower-surface ice shape was not changed because it
did not have a significant effect on lift. The two equivalent shapes that were tested were 3/32 and 1/16 in. balsa
squares. Figure 12(b) shows the effect of these equivalent runback shapes on the lift curves at Re = 1.7 million. The
1/16 in. balsa was too small and resulted in a lift curve that was nearly identical to the clean model. The 3/32 in.
balsa square resulted in a lift curve that was very similar to that of the full-scale model.

For the 1/12-scale model, only equivalent shapes were used. It was anticipated prior to the test (based on full-
scale and 5/12-scale test results) that geometric scaling of the 1/12-scale shape was probably not going to work.
Figure 12(d) shows the lift curves from one of these shapes. Because the clean model at Re = 0.15 million had a
lower C_ max than the iced model at Re = 4.2 million, the iced lift curve could not be exactly duplicated no matter
what equivalent shape was used. Instead, an equivalent ice shape that produced relative reduction of the lift
coefficient values at Re = 0.15 million and had post-stall characteristics similar to that of the full-scale shape was
sought. Figure 12(c) shows an equivalent runback shape that had a similar reduction in the C s and stall angle of
attack from the clean case (when compared to the full-scale runback shape at Re = 4.2 million). The post stall
behavior was similar as well.

Figure 13 shows the pitching moment of the runback shapes. As was observed for lift, the 3/32 in. balsa shape
provided good comparison to the full-scale shape. On the 1/12-scale model, at Re = 0.15 million, the pitching
moment for the iced case broke 5 degrees sooner than the clean case. This was similar to what was observed for the
full-scale case at Re = 4.2 million, and provided a good comparison to the lift results.

It is not clear why the simple geometric scaling of the runback shape did not work for the full-scale and 5/12-
scale models. The runback shape that was tested on the full-scale model was relatively Reynolds number insensitive
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(Fig. 12(a)). The runback shape that was tested on the 5/12-scale model was Reynolds number insensitive as well.
Because of this, it was expected that the lift curves for the full-scale and 5/12-scale models should have similar lift
curves at matched Reynolds number. One possible explanation is that there was a surface geometry irregularity near
the leading edge of the 5/12-scale model, leading to early transition and stall. This is supported in the clean-model
lift curves (Fig. 5), which shows that at matched Reynolds number, the 5/12-scale model had substantially lower
CLmax, When compared to the full-scale and 1/12-scale models. This discrepancy was not present on the failure and
roughness cases because the ice simulation covered up the leading edge of the model, masking any surface
irregularities. The leading edge was not masked for the runback cases, and this could have led to the lower Cy nax
values for the 5/12-scale model. However, further study is required to verify this explanation.

IV. Conclusion

An effort is currently underway to develop icing effects flight simulation models for a typical business jet
aircraft. The completed product will be examined as a potential new tool for systems safety to refine hazard
classification for ice protection system failure cases, and it will be implemented into a flight training device for pilot
evaluation prior to flight tests with ice shapes. The flight model used in the flight simulator will come from testing a
1/12-scale complete aircraft model in a rotary-balance wind tunnel. Because of the significant reduction in both the
geometry and the Reynolds number, the scaling relationship between the full scale aircraft and the subscale model
was studied.

Three simulated ice accretions were tested in this study: 22.5-minute ice protection system failure shape,
2-minute pre-activation roughness, and a runback shape. The findings for these shapes are summarized below.

e The 22.5-minute failure shape could be scaled from full scale to 1/12 scale through simple geometric
scaling. Nearly identical lift curves were maintained (with the geometrically scaled ice shape) as the
full-scale model was reduced to 1/12-scale model and the Reynolds number was reduced from
4.1 million to 0.15 million. Similar results were observed for the pitching moment.

e The 2-minute roughness shape exhibited slightly more Reynolds number sensitivity than the failure
shape. However, a similar lift and pitching moment curves could be maintained (as the model chord
and Reynolds number is decreased) by choosing an appropriate grit height for each model.

e The runback shape exhibited the most Reynolds number dependence. Geometrically scaled runback
shapes produced different lift curves on the full-scale and 5/12-scale models, even at matched Reynolds
number. The reason for this was not clear. To obtain a comparable lift curve on the 5/12-scale model, a
square balsa equivalent geometry was required. A comparable lift curve could not be obtained with the
1/12-scale model because the clean model had lower C s than the iced full-scale model. Because of
this, an equivalent ice shape that resulted in similar relative reduction in C_ .« and stall angle of attack
(when compared to the clean model at same Reynolds number) was found.

It was not clear why simple geometric scaling did not work for the runback shape. It is also not clear how to choose
the correct grit size to scale the 2-minute roughness. In order to address these concerns, additional tests with these
types of ice shape are required.
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(@) Full-scale and 5/12-scale models in LFST test section.

k. .
(a) 1/12-scale model in University of Illinois wind tunnel.

Figure 1.—Wind tunnel test sections.
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Figure 2.—Full-scale ice shapes.
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Figure 3.—5/12-scale runback ice shapes.
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Figure 4.—1/12-scale equivalent runback ice shapes.
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Figure 7.—Failure ice shape lift.




—e— Full Scale, Re=4.2x10°

—-v—  Full Scale, Re=1.7x106°
= 5/12 Scale, Re=1.7x106°
o 5/12 Scale, Re=1.2x10°
A 5/12 Scale, Re=0.62x10°

£
(@)
o (deg)
(a) Full and 5/12 scale
—=e—— Full Scale, 40-grit, Re=4.2x10°
—-v— Full Scale, 40-grit, Re=1.7x10° 1
o 5/12 Scale, 80-grit, Re=1.7x10°
S 5/12 Scale, 80-grit, Re=1.2x10°
1 I A 5/12 Scale, 80-grit, Re=0.62x10°
B 5
O

T T T T T T

a (deg)
(a) Full and 5/12 scale

—e— 5/12 Scale, Re=1.7x10°

— -v— 5/12 Scale, Re=1.2x10°
s 5/12 Scale, Re=0.62x10°
© 1/12 Scale, Re=0.62x10°
a 1/12 Scale, Re=0.38x10°

——e-— 1/12 Scale, Re=0.15x10°

o (deg)
(b) 5/12 and 1/12 scale
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—e— 5/12 Scale, 80-grit, Re=1.7x10°
—-v— 5/12 Scale, 80-grit, Re=1.2x10°
5/12 Scale, 80-grit, Re=0.62x10°
& 1/12 Scale, 220-grit, Re=0.62x10°
A 1/12 Scale, 220-grit, Re=0.38x10°
——@—— 1/12 Scale, 220-grit, Re=0.15x10°

T T T T T

o (deg)
(b) 5/12 and 1/12 scale

Figure 9.—Pre-activation roughness lift.

NASA/TM—2005-213575

10



——y —

Full Scale, 40-grit, Re=4.2x10°
Full Scale, 40-grit, Re=1.7x10°

o 5/12 Scale, 80-grit, Re=1.7x10°
5/12 Scale, 80-grit, Re=1.2x10°
A 5/12 Scale, 80-grit, Re=0.62x10°

T T T

o (deg)

(a) Full and 5/12 scale
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Figure 12.—Runback shape lift.
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